Since the progress in the fabrication techniques of thin-films of exotic materials such as strongly correlated heavy-fermion compounds, microscopic studies of the magnetic and electronic properties inside the films have been needed. Herein, we report the first observation of 115 In nuclear quadrupole resonance (NQR) in an epitaxial film of the heavy-fermion superconductor CeCoIn5, for which the microscopic field gradient within the unit cell as well as magnetic and superconducting properties at zero field are evaluated. We find that the nuclear spin-lattice relaxation rate in the film is in excellent agreement with that of bulk crystals, whereas the NQR spectra show noticeable shifts and significant broadening indicating a change in the electric-field distribution inside the film. The analysis implies a displacement of In layers in the film, which however does not affect the magnetic fluctuations and superconducting pairing. This implies that inhomogeneity of the electronic field gradient in the film sample causes no pair breaking effect.
Recently developed thin-film fabrication techniques, such as molecular beam epitaxy (MBE) and pulsed laser deposition, can be used to fabricate films consisting of not only simple substances but also multi-element materials. In thin-films, it is expected that the electronic states can be manipulated by effects that are difficult to achieve in bulk systems, such as two-dimensionality [1] [2] [3] [4] , surface states [5, 6] , and proximity effects between the sample and the substrate [7] . Recently, epitaxial thin film and superlattice samples of heavy-fermion (HF) CeM In 5 (M = Co, Rh) have been fabricated. The superlattices consisting of CeM In 5 / normal-metal YbM In 5 have attracted interest for their anomalous features such as enhancement of the anisotropy of the superconducting (SC) upper critical field (H c2 ) [8] [9] [10] , suppression of antiferromagnetic (AFM) fluctuations at the interfaces between block-layers in CeCoIn 5 /YbCoIn 5 superlattices [11] , and tuning of quantum criticality by dimensionality in CeIn 3 /LaIn 3 [12] and CeRhIn 5 /YbRhIn 5 [13] superlattices.
Although such attractive phenomena have been reported, unfortunately the experimental techniques to study the physical properties of film samples are quite limited. For example, neutron scattering experiments, which clarify magnetic properties decisively, usually require a huge volume of the sample, typically around the order of 1 cm 3 . Specific-heat and thermal-conductivity measurements, which are powerful tools to determine the SC gap structure, are also difficult since the huge contribution from the substrate masks the small contribution arising from the film sample.
Nuclear quadrupole resonance (NQR) and nuclear magnetic resonance (NMR) are quite suitable measurements for film samples, if the material includes the NMR/NQR possible nuclei, because the measurements can detect the electronic state in only the film. In NMR/NQR experiments, the small sample volume reduces the signal intensity but the large surface area partially compensates the loss of signal intensity because NMR/NQR measurements mainly detect the surface region with several microns of depth. In addition, the experiments are able to select interesting block layers of the superlattice samples and the atomic sites in the crystal structure, and thus are free from the substrate if appropriate atoms are chosen. Particularly an NQR measurement is possible in the absence of magnetic fields and gives us the magnetic and electronic information in the SC state without the disturbance of the magnetic field. Bulk CeCoIn 5 is a well-known HF superconductor with a critical temperature T c = 2.3 K, which is the highest T c among Ce-based HF superconductors [14] . Many experiments have suggested that the SC gap symmetry is d x 2 −y 2 -wave [15] [16] [17] and a few percents of the nonmagnetic Cd-and Hg-substitutions [18, 19] for the In site induce antiferromagnetic (AFM) ordering with suppression of the superconductivity, indicating that CeCoIn 5 is located near the AFM quantum critical point. However, the nature of pair-breaking effect of chemical substitutions in CeCoIn 5 remains controversial [20, 21] .
The motivation of the present measurements is to check whether the NQR measurement is possible for the epitaxial film sample, and to investigate the magnetic and SC properties of the epitaxial film sample microscopically if NQR signals can be observed. In epitaxial films, the strain due to the mismatch between the substrate and the films in general leads to some inhomogeneity in the electric field distribution, and thus the NQR studies will provide important information on the electronic properties and the pair-breaking effect of such inhomogeneity. We succeeded in observing 115 In-NQR signals on the epitaxial film sample and measured the nuclear spin-lattice relaxation rate (1/T 1 ) down to 100 mK. We found that 1/T 1 in the normal and SC states is very similar between the bulk and film samples, although the 115 In-NQR spectrum on the film sample shifts noticeably and becomes significantly broader than the bulk sample. These results indicate that the magnetic and superconducting properties, including the gap structure of the epitaxial film sample, are identical to the bulk sample although some modulation of the crystal structure is introduced; thus, the NQR measurement is a useful technique to investigate the electronic state and SC gap in film samples, in which the specific heat and thermal conductivity measurements are almost impossible. As far as we know, these are the first NQR measurements of film samples of strongly correlated electron systems.
The CeCoIn 5 epitaxial film studied here was grown along the tetragonal c-axis using MBE on a MgF 2 substrate (See Ref. [8, 22] for fabrication details). The electrical resistivity ρ(T ) of a 120-nm-thick film of CeCoIn 5 was measured, and exhibited almost the same behavior as bulk single-crystal CeCoIn 5 ; the maximum ρ(T ) associated with an incoherent-coherent crossover of f -electrons was observed at around 40 K and the T c = 1.95 K of the film sample is close to the bulk T c [22] . The epitaxial film prepared for the NQR measurements was 500 nm thick, which approximately corresponds to 600 unitcell thickness, and the surface area was 8 × 5 mm 2 . T c = 2.15 K was determined with the NQR 1/T 1 measurement. For comparison, we have performed 115 In-NQR on bulk single-crystal CeCoIn 5 without powdering, which was grown with the In self-flux method. The size of the crystal was 4 × 3 × 0.5mm 3 . For NQR measurements below 1.5 K, a 3 He-4 He dilution refrigerator was used and the samples were immersed into the 3 He-4 He mixture to avoid any heating by RF pulses for the NQR measurements. 1/T 1 was measured from the recovery of the nuclear magnetization m(t) at a time t after a saturation pulse. quadrupole Hamiltonian is written as
where Q is the nuclear quadrupole moment. The electric field gradient (EFG) originating from the electrons and atoms surrounding the 115 In nucleus is denoted as eq ≡ V zz , and the asymmetric parameter η is defined as η ≡ (V xx − V yy )/V zz , where V is the electric potential at the 115 In site and V αα ≡ ∂ 2 V ∂α 2 (α = x, y, and z). The z-axis is the principal axis of the EFG, i, e. the V zz is maximum; x-and y-axes are chosen so that 0 ≤ η ≤ 1. For the I = 9/2 ( 115 In) case, four transitions are allowed. 115 In for η = 0, a set of lines would be observed at the resonant frequencies of ν Q ≡ e 2 qQ/24h, 2ν Q , 3ν Q , and 4ν Q , where h is the Planck constant. At the axially symmetric In (1) site, where the z-axis points to the tetragonal c axis, the observed four lines were reproduced by the calculation with ν Q = 8.05 MHz and η < 0.003. On the other hand, from the set of lines arising from the asymmetric In (2) site, where the z-axis points perpendicularly to the lateral plane of the unit cell, ν Q = 15.52 MHz and η = 0.39 were evaluated. These NQR parameters ν Q and η of the epitaxial film sample are listed in Table I and are approximately the same as those of bulk samples [23, 24] . Figure 2 is an expanded view around the signals of the transition of m = ±7/2 ↔ ±9/2 at the 115 In(1) and 115 In(2) sites in the film and single-crystal CeCoIn 5 . The peaks of the film NQR spectrum were clearly shifted from those of the single-crystal spectrum. In addition to the noticeable frequency shift, the line width of the film sample is much broader than that of the single-crystal sample. The origin of the spectrum shift and broadening of the NQR spectrum are discussed later.
We measured 1/T 1 at the In(1) site in order to investigate magnetic and SC properties of the film sam- (2) . The intensity of the NQR signal of the film was magnified 60 times.
In the bulk single-crystal spectrum of In (1), the tiny signal at 32.24 MHz close to the film NQR frequency is ascribed to the isotope 113 In [25] . ple. 1/T 1 in the film sample could be determined with a single component in the whole temperature range, indicating that magnetic fluctuations are homogeneous in the whole region of the sample. The temperature dependence of 1/T 1 in the film (squares) and the bulk singlecrystal (circles) is compared with the data of crushed single-crystal (dashed line) CeCoIn 5 reported by Kohori et al. [23] in Fig. 3 . The T dependence of 1/T 1 of the present film sample shows the same behavior as the bulk single crystals reported previously [23, 26] . 1/T 1 in the normal state deviates from the Korringa relation observed in conventional metals, indicative of the presence of the antiferromagnetic correlations. Below T c , 1/T 1 decreases rapidly without a coherence peak just below T c = 2.15 K, which is close to the bulk T c = 2.28 K, and 1/T 1 for 0.4 K < T < 1.5 K obeys at the lowest temperatures has been observed in various unconventional superconductors with a sign-changed line-node gap and implies the presence of a residual density of states (RDOS) N Res at the Fermi level [27] [28] [29] . These results indicate that the SC gap symmetry of the 500-nm-thick epitaxial film CeCoIn 5 is also d-wave, similarly to bulk single-crystal CeCoIn 5 .
The temperature dependence of 1/T 1 below T c is consistently understood with the 2-dimensional d x 2 −y 2 -wave SC gap model with ∆(T, φ) = ∆(T ) cos(2φ), in which the magnitude of the SC gap 2∆(0)/k B T c and the fraction of RDOS N Res /N 0 are variable parameters [30] . Here N 0 is the density of states in the normal state. The ratio of 1/T 1 in the SC state to 1/T 1 at T = T c is expressed as
where f (E) is the Fermi distribution function, N s (E) is the density of states in the SC state,and M is the anomalous density of states, which vanishes in the signchanged SC gap. The data of 1/T 1 is well reproduced by the calculation with the parameters of 2∆(0)/k B T c = 6 and N Res /N 0 = 0.12 as shown in Fig. 3 [25] . Although the magnitude of the SC gap in the film sample is the same as that in the single-crystal sample, the fraction of RDOS in the film sample is slightly larger than that in the single-crystal sample (N Res /N 0 ∼ 0.08) [23, 31] .
In(1) Ce
In (2) In ( In general, randomness or imperfection, which is a perturbation averaging the k-dependence of the SC gap, induces the RDOS near the nodes. The larger RDOS in the film sample than in the bulk single-crystal sample is consistent with the broader NQR spectrum in the former sample. However, this effect is much weaker than the effect by the nonmagnetic-impurity doping, because the reduction of T c in the film sample is only 6%. Now, we discuss the change of the NQR spectra in the epitaxial film sample. As shown above, we observed a noticeable shift and significant broadening of the 115 In-NQR spectra in the film sample. The changes of the NQR frequency ν Q from the bulk single crystal δν Q (= ν film Q − ν bulk Q ) are plotted in Fig. 4(a) , where the change of the ν Q at the Co site and the change of the η, δη(= η film −η bulk ) at the In(2) site are also plotted. In addition, the full width at half maximum (FWHM) of the spectra for the film sample shown in Fig. 2 (a) and (b) are 530 kHz and 203 kHz, which are 60 times and 6 times larger, respectively, than in the bulk single crystal sample.
We now consider the origin of the difference of NQR spectra between the film and single-crystal CeCoIn 5 . First, there is a gradual epitaxial strain introduced by the misfit of the lattice parameters between CeCoIn 5 and the MgF 2 substrate. The lattice parameters of the 120-nmthick epitaxial film sample were reported to be a = 0.462 nm and c = 0.753 nm [22] , which were slightly different from those of the bulk single crystal (a = 0.461 nm and c = 0.755 nm). Using these film lattice parameter, the EFG parameters by the band calculation [25] approximately reproduce the δν Q and δη (squares in Fig. 4(a) ). In addition, we introduce the shift of the In(2) layers toward the Ce-In(1) layers as shown in Fig. 4(b) , and the EFG parameters including the two effects are more consistent with the experimental data (triangles in Fig.  4(a) ). In general, an epitaxial strain is an inevitable effect near a substrate and is relaxed with the distance away from the substrate, and the lattice parameters far from the substrate are considered to be the same as those in the bulk sample. Such a gradation of the lattice parameters would cause an asymmetric distribution of the ν Q from a bulk NQR peak, but the symmetric spectrum was observed in the film CeCoIn 5 . Alternatively, we suggest that the lattice parameters in epitaxial film samples might be optimized by the condition in which the strain effect and other effects are included.
Although significant broadening of the NQR signals is introduced in the film sample, it is surprising that the T c , 1/T 1 , and the RDOS of the film sample are essentially the same as those in the bulk single-crystal CeCoIn 5 . The present results are consistent with the experimental fact that the resistivity and Hall effect in the 120-nmthick film CeCoIn 5 are nearly identical to those in the single crystal [22] , but they seem to be contradict with the fact that the superconductivity in CeCoIn 5 is easily disrupted by the nonmagnetic impurities [18, 19, 32] , because CeCoIn 5 is a quantum critical superconductor. In the substitution systems of Cd (hole doping) [CeCo(In 1−x Cd x ) 5 ], the superconductivity is destroyed at the critical concentration of x = 1.7% and long-range AFM ordering appears. 1% Cd-doping induces the small satellite structure in the 115 In-NQR spectrum [21, 33, 34] , and largely modifies the spin-fluctuation properties in the normal state near the impurity sites.
In Sn-doing (electron doping), ν Q of the main peak at the In(1) site decreases similarly to our film sample but the 1/T 1 drastically decreases by enhanced p-f hybridization due to the additional 5p electron of Sn atoms [21] . In these doping, impurities on CeCoIn 5 not only scatter the conduction electrons, but also modify their c-f hybridization [20, 21] . In the film case, the primary difference from the bulk sample is the disorder in the electric field gradient, and our results showing identical 1/T 1 with the bulk one indicate that the band structure around the Fermi level remains almost unchanged from the bulk band structure. From the comparison between the film sample and the nonmagnetic impurity-doped samples, we suggest that the ν Q distribution effect, which is introduced by the inhomogeneity of the tiny lattice change and In(2) shift, does not seriously alter the magnetic and SC properties.
In conclusion, we performed NQR experiments in 500-nm-thick epitaxial film CeCoIn 5 and in bulk single crystal, and found the following two points. (a) Although the ν Q distribution is introduced in the epitaxial film sample, T c , 1/T 1 , and the RDOS of the film sample are essentially the same as those in the single-crystal CeCoIn 5 , indicating that the magnetic and SC properties in the film sample are identical to the single crystal sample. Thus, an NQR measurement is a suitable technique to investigate the SC gap in film samples. (b) The origin of the spectrum broadening is partially interpreted by the epitaxial strain effect, but we suggest that the In(2) layer slightly shifts to the Ce-In(1) layer in the epitaxial film sample. We suggest from the present NQR study that the lattice parameters might be optimized in the epitaxial film sample. SC states is written as [3] [4] [5] 
.
Here, · · · F.S. is an average over the Fermi surface. N 0 , and N s (E) are DOS at Fermi surface in the normal and SC states, respectively, and E is the energy from the Fermi level. The M s is called as anomalous DOS arising from the coherence factor, which is strictly zero in the d-wave symmetry because of the sign change of the SC energy gap ∆. We assumed the two dimensional d x 2 −y 2 -wave gap symmetry described as ∆(T, θ, φ) = ∆(T ) cos(2φ) and then obtain
At the last equation, we used π/2-periodicity of the integrand. In the ∆(T )/E ≥ 1 case, a constant α satisfying cos(2α) = E/∆(T ) exists and therefore the integration is divergent. To avoid the divergence, we numerically calculated the N s under the condition of E > ∆(T ) cos(2φ). For the temperature dependence of ∆(T ), we used the empirical representation in BCS model as follow [6] 
Here ∆C/C is the specific heat jump. Since the specific heat measurement for film sample cannot be performed, we chose ∆C/C = 4.5, which is obtained in the bulk CeCoIn 5 [7] .
In an ideal model, the N s (E) goes to zero for E → 0, but in practical model of nodal SC gap, finite DOS at E = 0 arises from impurity scattering in a low-lying energy region [8, 9] .
We assumed that the residual DOS were constant for simplicity and calculated N s including the residual DOS as shown in Fig. S 2. 
III. ELECTRONIC BAND STRUCTURE
The NQR parameters ν Q and η of the film obtained from our experiments are approximately the same as those of bulk but slightly different. The broadening of the NQR spectra may be due to distribution of local environment of In sites. In order to obtain information on the NQR spectra of a film CeCoIn 5 , we calculated the electronic structure using the WIEN2k package [10] . The fully-relativistic full-potential calculations were performed with the GGA-PBE functional [11] , 12 × 12 × 7 k-point grid in the Brillouin zone, and the cut-off parameter RK max = 7. Instead, as the first step, we examined the electronic structure of such virtual bulk CeCoIn 5 with the film lattice parameters, not superstructure, since the NQR parameters are sensitive to the local environment of In sites. The lattice parameters used here are listed in Table S I. In these virtual bulk models, the band structure is quite similar to that of the original bulk, since the modification of crystallographic parameters is small. ν Q is obtained by the formula ν Q = 6 × Q and nuclear spin I are depend on the nuclei. The obtained NQR parameters in Table   S I are deviated from the experimental observations due to the electron correlation effect.
